Introduction
Since wind engineering was first defined as a discipline in the 1960s, most attention has been focussed on the effects of large-scale windstorms on structures -particularly tropical and extra-tropical cyclones. This has resulted in a robust set of wind engineering tools for design, encapsulated in codified design methods for a wide variety of structures using the results of extensive wind tunnel and full scale testing, within a conceptual framework first developed by Davenport and the other early pioneers of wind engineering (Davenport 1982) . In recent years however it has come to be realised that the effects of smaller, transient wind storms can be of significance -frontal gusts, thunderstorm downbursts and tornadoes in particular -and there is significant ongoing research in this area. methods make the assumption that the wind loading is statistically stationary. In a review by Letchford (2015) , the wide range of issues that arise from codification of non-synoptic winds are discussed and a framework is proposed based on the "design response spectrum" methodology used in earthquake engineering. This utilises a range of real earthquake time histories applied to a range of structures of different natural frequencies to specify displacements, velocities and accelerations that can be used for design purposes. The major problem of applying either this method or time history based methods for downbursts and tornadoes is the lack of full-scale wind velocity and pressure time histories, particularly with regard to tornadoes. This paper is specifically concerned with the wind loads due to tornadoes. Now, tornadoes are widely classified using the Fujita or enhanced Fujita scales (Fujita, 1991 , WERC 2006 which allocates tornadoes to one of five categories. This essentially classifies tornadoes by the damage they cause and thus effectively integrates both the wind loading and the building vulnerability, and inevitably the range of wind speeds associated with any one Fujita classification is large. Whilst a useful descriptor, this classification does not actually specify the parameters required for a wind loading design. Now, the wind loading due to tornadoes is particularly complex and consists of a number of components. Firstly we have what might be termed direct wind loads -loads caused by the variable surface pressures on the structures due to the local velocities, in a similar manner to the loads caused by synoptic winds, although it can be expected that these loads will be transitory in terms of time, magnitude and direction, and cannot be regarded as stationary. Also, close to the core of the tornado, the vertical component of the wind speed may be of significance and effect these surface pressures. Secondly there will be loads caused by the differences between the low atmospheric pressure in the core of the tornado, and the non-equalised internal pressure within the structure. The magnitude of the latter will be dependent on the nature of the envelope porosity and the presence, or otherwise, of any dominant opening, and again can be expected to be highly transitory. Finally, within tornadoes there can be expected to be significant impact loads from flying debris from either natural sources (trees, soil and gravel etc.) or from damaged buildings (roof and wall components etc.). Such debris can be observed in tornadoes and effectively visualise the tornado funnel cloud (Noda, 2014).
Tornado loading is usually taken into account only for highly sensitive structures such as nuclear power plants. The methodology used in the US nuclear industry is given in USNRC (2007). There, a design wind speed is given which has a probability of occurrence of 10 -7 for each of three regions of the USA, and the pressure loads are then calculated from the application of a very simple Rankine vortex model. Debris impact velocities are also given for a small range of debris types (pipes. automobiles and metal spheres), taken from a numerical solution of trajectories, using a different wind field model developed by Simiu and Scanlon (1996) . However, a conceptual method of how all these essentially time varying loading effects could be incorporated into design for a range of risk levels is yet to be developed, although there is some ongoing work by Tamura et al (2015) that is attempting to build a tornado database for use in design in Japan. It is nonetheless clear that a pre-requisite of such a method is a consistent and simple description of the tornado flow field that could be used in design to predict velocity and pressure time histories and to enable debris trajectories to be calculated. Further, to enable such a formulation to be used to generate the large number of cases needed for either a time history method or the design response spectrum method described above, requires that it be relatively simple and quick to apply (i.e. not a complex numerical calculation). Such a wind field / debris trajectory model has recently been developed by the authors and is reported in Baker (2016).
Section 2 summarises the main points of this wind and debris trajectory model.
We then build on this to develop a consistent risk based approach to tornado wind loading due to the three mechanisms described above. Section 3 considers the wind and pressure fields in translating tornadoes and section 4 sets out a conceptual framework for the tornado wind load design process. The calculation of direct wind loads and pressure loads is then described and illustrated in section 5, and the calculation of debris impact loads in tornadoes is set out and similarly illustrated in section 6. The model is discussed and concluding remarks made in section 7.
The tornado wind field and debris trajectory model
The model outlined in Baker (2016) starts by assuming the following expression for the radial velocity of a single celled tornado vortex. 
where V is the circumferential velocity, 5 is the pressure, 6 is the density of the flow and S is the swirl ratio, the ratio of the maximum circumferential velocity to the maximum radial velocity.
Expressions can also be derived for the vertical velocity and buoyancy force but are not be considered here. In this paper we will define the parameters that will be used in the loading as the velocities and pressures at the edge of the boundary layer i.e., 1̅ = 1. This results in the rather simpler expressions which will be used in what follows. 
Using the debris theory developed by Baker (2007), the debris trajectory analysis was carried out for compact debris only i.e. for debris where the aerodynamic forces are characterised by a drag coefficient (N O ) only, on the basis that such a formulation is appropriate for the large time behaviour of both compact and sheet debris. The analysis revealed that the trajectory is dependent upon the swirl ratio S, the initial debris trajectory positions 0̅ P and 1̅ P and two further parameters given by
where A is the debris area, M is the debris mass, and N O is the debris drag coefficient. the first group in equation (8) is the buoyancy parameter, whilst the second is an inverse tornado Froude number. The Tachikawa number, which is normally used to characterise debris flight (Holmes et al (2006) ) is given by the ratio Φ/Ψ. In broad terms, the debris trajectories are much more dependent upon S and Φ than on 0̅ P , 1̅ P and Ψ -for example whether or not debris flies or falls in a tornado is largely a function of its position in the S / Φ plane. This will be seen to be of significance in what follows.
Tornado translation
To be able to use the above vortex model in any design methodology, we need to allow for vortex translation in some way. To do this we make the following assumptions.
• The structure under consideration is at (0, 3), where 3 =^/0 / and Y being the lateral distance from the tornado track centre line;
• The tornado moves at a dimensionless speed _ 3 = _/! / along the x axis, where Q is the dimensional speed, and passes through the origin at a normalized time `̅ =`0 / /! / = 0 (t represents the actual time);
• The total dimensionless wind speed b 3 at the structure, is the vector sum of tornado wind speeds and tornado translational speed _ 3 ;
• All velocities and pressures are defined at 1̅ =1 i.e. the top of the tornado ground boundary layer. This is represented graphically in figure 1. Note however that the model tests of Fleming et al (2013) suggest that a simple superposition of the translation velocity on the vortex velocity field is not totally adequate, and that translation may result in the vortex tilting with height. Nonetheless, these assumptions result in the following expressions for b 3 and c, the latter being the observed wind direction relative to the x-axis.
where s 3 = _ 3`̅ . The dimensionless velocities ! " and 2 3 are the radial and circumferential tornado velocities from equations (5) and (6), with 0̅ 8 = s 3 8 +3 8 .
Similarly the pressure time history can be found from equation (7) with 0̅ so defined and 1̅ = 1, i.e. at the top of the boundary layer. 
Conceptual loading design framework
In this section we consider the outline of the conceptual model that is the main subject of this paper. Firstly, however it is worth considering what would be an appropriate level of complexity in the determination of tornado wind effects for design. Perhaps the major characteristics of tornadoes are their complexity and their variability and the capture of all the necessary characteristics by a simple model is probably unrealistic. This has led some authors to consider the complex nature of tornadoes using large scale numerical simulations -see Lin et al (2015) for example. Now whilst such approaches undoubtedly capture much of the complexity of tornadoes, they do so for a very particular set of input parameters, and thus cannot represent the variability. The high level of resource required by such simulations implies that they cannot be used many times to capture the variability between tornado events. Thus the basic principle that is followed in this work is the use of a simple tornado model that captures the basic characteristics of such events, and can be used multiple times to understand the variability of tornado loadings for very many cases. In other words the model seeks to capture tornado variability, albeit with the loss of detail and the simplification of complexities.
The conceptual model that we adopt in this paper has two related componentsone to find the load due to time varying tornado wind velocities and pressures, and one to find the debris impact loading. The output from both components is the same -cumulative distribution functions of loads for different probabilities of occurrence. Consider first the direct wind load / pressure load model schematic in figure 3a. This may be considered to consist of an outer model and an inner model. The outer model requires the following inputs.
• Structural properties -building type and geometry, dynamic characteristics if appropriate.
• Characteristics of tornadoes at the site in question -pdfs of maximum speed, swirl ratio, radius, translational speed etc.
• Tornado climate data in the form of number of tornados (above a certain threshold in strength) per square kilometre per year.
The outer model then generates a large number (usually 1000) of tornado realisations based on the input probability density function and for random variations of distance from the structure and angle to the main axis of the structure, which are then used by the inner model (see below) to generate realisations of the specific load effect under consideration. A cumulative distribution function of load effects is thus generated, that is convoluted with the tornado climate probabilities to find a relationship between the magnitude of the load effect and its related probability (purple box).
The inner model generates the tornado velocity and pressure time histories, and uses these to calculate specific load effects. The direct wind load component calculates the velocity time history relative to the stationary building and then uses surface pressure data from physical model (tornado vortex generator) or CFD calculations, as a function of wind direction, to calculate the quasi-steady wind loads. Corrections for lack of velocity correlation over the structure and for dynamic effects can then be applied to give inertial load time histories (using weighting functions and dynamic multipliers), The pressure load component (green boxes) calculates the pressure load time history for one set of input variables, and also calculates the internal pressure within the structure using a suitable internal pressure model that allows for envelope leakage and, if present, a dominant opening the latter also requiring velocity time history information.
The difference between the internal and external pressure then gives a pressure load on the cladding on the structure. The inertial and pressure load component are then combined within a load effect calculation (which may be either a static or a dynamic calculation) to give one load effect realisation.
The debris impact model (figure 3b) is similar in form, but does not adopt a time history approach. For each realisation of tornado parameters, a cumulative distribution function of debris impact loads on the structure for that realisation is obtained from pre-calculated debris trajectories. Thus a multi-realisation cumaltive distribution function (CDF) for debris impact loads can be calculated, through a large number of tornado realisations which can again be convoluted with the probability of a tornado actually occuring to give a relationship between the magnitude of a specific impact and its probability of occuring. Taken together the two models can be used to predict wind loads and debris impact loads at consistent probability levels.
In what follows we give more detail of the individual components of this model and illustrate its use with examples. We do not consider further however the tornado climatology, i.e. the probability of tornadoes actually occuring. Datasets that allow tornado probabilities to be determined in any one location are beginning to emerge (see Kirk (2014) for the UK situation for example, Ramsdell 
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Direct wind loads 4
The calculation of direct wind loads is through the use of wind speeds and 5 pressure coefficients in a manner that is similar to the calculation for boundary 6 layer winds. The wind speed time histories (magnitude ! " and direction f) can be 7 calculated from the methodology of section 3. The pressure coefficients ideally 8 need to be determined from Tornado Vortex Generator measurements (for 9 different building distances from the vortex core (# " ) and wind directions), or from 10 equivalent CFD calculations, and thus to properly allow for the highly curved flow 11 in tornadoes, with significant vertical velocity components. Experiments of this Here $ -('̅ )is the local reference pressure -effectively the time varying pressure at 17 the building position. This is effectively a quasi-steady assumption, and assumes 18 the instantaneous pressure can be directly related to an instantaneous velocity, 19 through a measured pressure coefficient. These pressure coefficients can then be 20 suitably summed to obtain a load effect such as overall drag or lift forces. However, 21 if the structure is of any size then these pressures will not be correlated over the 22 full extent of the structure, and some method needs to be used to allow for this where L is the overall lift, > < is the roof area and R is the dimensional resultant 43 wind speed. Note that the lift force here is defined in terms of a local velocity. A 44 quasi-steady approach is then followed and no weighting function or dynamic 45 correction is applied. 
Pressure loads 57
The pressure loads on a structure are caused by the pressure differential between 58 the outside and the inside of the building. As the low pressure in the centre of a 59 tornado passes over the building, then, if the building is well sealed with small 60 leakage, then the internal pressure will remain high and only decrease slowly. This 61 can result in a significant pressure differential across the building envelope and 62 thus large cladding forces. If there is a significant dominant opening in the 63 building, then the pressure at the opening will be given by the instantaneous 64 pressure coefficient at that point, and may result in significant acoustic pressure 65 oscillations (eg Ginger et al, 2008 ). In the current methodology, the pressure time 66 history is given by equation (6) heats. The value of Π thus varies with the tornado and building properties. The 78 overall lift force due to pressure effects is then given by 79
Taking further the example building in the last section, we assume a volume of 81 500m 3 (and thus a height to the eaves of 9.3m) and a leakage area of 0.1m 2 . Figure  82 6 shows a typical time history of internal and external pressures for a structure 83 beneath the vortex core. The lag of the internal and external pressure variations 84 can be clearly seen. 85 uncertainties involved, this aspect is not taken further in this paper. Figure 9  110 shows the cumulative distribution function of the dimensional load values. These 111 effectively show the cumulative probability distribution that the tornado induced 112 lift on the structure will exceed a certain value. To obtain a design probability, 113 these values must be multiplied by the probability that the tornado will be within 114 500m of the structure, data for which needs to come from tornado climate 115 probabilities. Note that for the situation under consideration (a 5m x 10m pitched 116 roof building) the design lift for synoptic winds could be expected to be in the 117 order of 10 to 15 kN, around the 70 th percentile of tornado loading for the assumed 118 tornado characteristics. 119 Table 1 Tornado where # w is the closest dimensionless distance of the building from the tornado 138 centre and | """ is the dimensionless building height. n̅ 7 and }̅ 7 are the initial debris 139 positions. In terms of impact on structures, the important parameter is the 140 maximum value of the dimensionless energy r " if~ when the debris is within the 141 range n̅ > # w and }̅ < | w , i.e. within the cross section of the tornado flow field 142 where debris might impact upon the building as the tornado passed by. There is 143 an implicit assumption here that the building size is small in relation to the 144 tornado size. This is not wholly adequate and any future development of themethodology will need to address this issue. In preliminary studies it was found 146 that, as expected, the values of r " if~ were insensitive to debris starting position, 147 as long as this was reasonably close to the vortex centre, and also insensitive to 148 changes in the parameter Y. This is in line with the observations on the sensitivity 149 of debris trajectories made in section 2. This allows a considerable simplification, 150 and the above functional expression becomes: 151 This research did not receive any specific grant from funding agencies in the 316 public, commercial, or not-for-profit sectors. 317
